oo

R NI, R ST VORI, g

e

St n A, - S A

- —

AD 720854

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

Springhisld. Ve 22151

WAVE PROPAGATION IN ANISUTROPIC ROCKS
Annual Technical Report Wumber 1
Contract No. H0210622
Sponsored by Advanced Research Projects
Agency, ARPA Order No. 1579, Amend. 2
Program Code 1F10
Principal Investigator: Dr. W. Goldsmith
Associate Investigator: Dr. J.L. Sackman
University of California
Berkeley, California 94720

DI“»’UW‘\ NuN
'gj . “)rx vu\.!(‘\ecleu
4 k“.\ ayshat )x\ U‘ ll'nl\ed l



&:1MW1v~.:~,«q»,~' L L T T T SN S . . B T R T L T LLTeR R R T AT

» - & '.

[ L
— - . 3200.8 (Att 1 to Encl 1)
vaclassilied ' Mar T, 66
Secunty Clavnificatinn . ’
. DOUCUMENT CORTROL DATA-R & D
(Secueity clavsilication nt tithe, Mty of ehsttnct an § indeting vonelntion must be antercd when tho aveeatl repaet 1a elnssitied)
§ QUIGINATING ACTiVITY (Corperale avther) 30 MU TONT BECUINTY CLASSIFICA TION
Tniversity of Califormia, Dorkeley | Unclaggdfied .

3 RLFORY TiITLE

WAV PROPAGATICN IN ANISOTHOPIC ROCKS .

4. OCSCTIMTIVE NOTES (Type of repoct ond intiusive doteq)

Januel ‘Pechinical Report Humbe

W AUTHINISI(F 781 Rasre, MBI INTTIB), lasl Neme)

Werner» Goldsmith and Jerorie L.  Sackman

Y usvo.r..: OATK 78, TOTAL NO. OF PASKS 8, NOG. OF AL
narch 3, 1972

88, CONTRACT O GRANT KO, $4, ORISINATONR'S REFPORT NUMBERIS)
0 210022 [

& PROJECTY NO.
(S A -7 1 A 08

.&“? . Order do’ .579. nd. 2 [T 3:’:4::;5’0'" NOLS) (Any sther mumbers hat ;s be ssaigned
ceogran Code 17L0 ) .

[ 3
10. DISTRIGUTION STATEMENY

Distrivution of this docwaent is unlimited

e SUPPLALMENTARY NOTES y * 13 SPONIORING MILITARY AGTIVITY -~
.
N ' Advanced Research Projects
AN ' . agency

ANTREY ek pepont preseris the work of the first year on the con-
sract involvipg (a) the detection of body and surface waves in
bloeizs of Yule narble (B) the analysis of such pulses produced by
impact using both intezral transform and finite element methods,
and (e} the determination of the static and dynamic propersies: of
Shis noverial including fracture characteristics, In the first
Paase, satislfactory transducer packages have been comsirucied and
erednent techniques are under developrient, Taeoretically, dise
placenent fields have boeen obiained Irom the integral transform
ciechod with the ald of the Cagniard-de lioop technique. A findite
element program written for the three-dimensional anisoiropic case
1s veln; tested on the subject problem, Static stress=strain

) cwrves for sinzle and repeated loading have been obtained for Yuld
1 . mardle, Techniques for the determmination of the principal axes
¢ vae rock nave been developed, and nmethods for evaluaiting +he
Jo2cture stren;th of the rock under varying rates of sirain are
seing perlected, . ‘ -

DD \V.1473 . Unclassified

Secunty Classilication




Ty

ran s S I ARS A IR e,

h‘a‘%’W‘sf%‘ TR I e e T o me W e e
..'?f .

O

”

e

JToelassified b

' Yw?

Secunity Clarssheotion

3200.8 (Att ) to Enci })

Mar 7, 66

1a.
KLY WOnRes

LINE & Lin D

iR €

"o €

LA nOLE wt

ldedd] wt

~ocl llechanics

Troperties of rock

Fracture ol rack -

‘iave Iropagation

Anisotropic Halfespaces

apacs

Jransient Signal Detection in Rooks

Transduoers

Becurity Clasailication




Ry

ANNUAL TECHNICAL REPORT NUMBER CNE

ARPA Order Number: 1579, Amendment 2
Program Code Number: 1F10
Contractor: The Regents of the University of California
. Effective Date of Contract: February 5, 171
Contract Expiration Date: February 4, 1..2
Amount of Contract: $€0,000
Contract Number: H0210022
Principal Investigator: Professor W, (. tdsmith, (415) 642-3739
Project Engineer: Professor J, L, Sa-kman, (415) 642-2930

Title: 'Wave Propagation in Anisotr pic Rocks"

Report Period: February 5, 1971 to “zbruary 4, 1972

Sponsored by
Advanced Research Projects Agency
y ARPA Order No, 1579, Amend, 2

Program Code 1F10

This research was supj “rted by the Advanced Research Projects Agency
of the Department of Defense and was monitored by the Bureau of Mines

under Contract No, H0210022,

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the
official policies, either expressed or implied, of the Advanced Research

Projects Agency or the U,8, Government,

t A T !
; -‘1."*’1 : AT :
1 i ' ! YN .)\ R *
H e e ! .
1 . [ . ,',"
3 | . e U . v A




B Lot ]

TABLE OF CONTEWTS

ABSTRACT s e e e e e e e e e e e .
PREFACE e e e e e e e e e e e
I, INTRODUCTION , ., .

ay Historical Background e e e e e e e

b) Scope of the Research Proposed Under
Contract No. H0210022 e e e e e e

2) Current Status of the Project . e .
1I. TECHNICAL ACCOMPLISHMENTS e e e e e e

a) Experimental Examination of the Wave
Processes in an Anisotropic Rock Material

b) Theoretical Examination of the Pulse
Propagation in an Anisotropic Solid

Due to a Transient Source . .
(i) integral Transform Technique ..
(2) Finite Element Method . e

¢) Property Determination of Yule Marble .
III . m RE wORK . . . . . . . L] L] . . . [ * *
LIST OF FIGURES e e e e e e e e e e e e e e

BI BLIwMPHY il . . . . * ’ . . . . . L . .

Page
ii

iv

10

10

19
21
34
39
46
50

80

[N

[ERNIENIECTEY - S



it

ABSTRACT

The following report defines the scope, provides a narration of

the technical accomplishments and current status after one year of
: operation, and lists the work remaining to be done under U.S, Bureau
of Mines Contract No, H0210022 with the University of California,
Berkeley, on a project entitled, "Wave Propagation in Anisotropic
Rocks,” The project has been divided into thr:e major phases, namely
] (a) an experimental examination of the wave processes in Yule marble
blocks, (b) a theoretical study of the pulse propagation produced by
a concentrated transient source normal to the surface of a homogeneous,
elastic transversely isotropic semi-infinite solid using (1) an integral
§ transform technique, and (2) a finite clement method, and (c) a
| determination of the geometric and static and dynamic mechanical
properties of tae Yule marble, including fracture characteristics,

In the experimental wave propagation phase, the major accomplish-
ments achieved to date include the development of a crystal transducer
package with a laterally unconstrained crystal employed as a sensing
element, the calibration of both the crystal and the entire package,
the development of installation techniques for the embedment of the
transducer inside cores drilleu in rock bars, and some progress in the
development of a suitable grouting material to fill the core holﬁs after
installation of the transducer unit with a minimum of dynamic mismatch,
The integral transform technique has been developed and partially tested
to obtain the displacement field in the transversely isotropic solid
with an axis located in the free surf:ce under a Heaviside input, This

process constructs a three-dimensional solution from the integration of
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a series of two-dimensioral problems associated with line loads on the
surface of the half-space, It employs a Cagniard-de Hoop transforma-
tion which simplifies the inver<ion process and leads to a physical
interpretation of the transient wave process in terms of well-established
concepts of wave and slowness surfaces that have been employed in the
field of crystal acoustics,

A finite element program has been written for the three-dimenszional
problem cited above and is currently in the debugging and test phase,
It has been specialized to the simpler case of icotropic behavior where
other solutions for checking purposes exist, Results obtained tc date include
the uniaxial wave process in a rod and the surface motion of a haif-
space., They are very encouraging in terms of providing good corgespon-
dence with these other solutions, and indicate the immediate application
of the program to the subject proublem after some additional investiga-
tion of the numerical integration scheues,

Crystallographic techniques have been developed for the location
of the axis of elastic symmetry of the Yule marble specimens. Static
compressive tests, some with repeated loading, have been conducted on
samples of the material, indicating significant non-linearities and
the presence of hysteresis, A technique has been developed for the
generation of constant strain rates in the intermediate range of 10
to 100 ssec‘1 utilizing an adaptation of a Hopkinson-bar procedure,

This work will be continued and, durirg the coming year, the
various phases of the program will be intimately correlated, The pro-
gram is on schedule and no major difficultics are anticipated in the

completion of the work according to the original schedule,
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PREFACE

This is the first annual report concerned with the technical
activities performed under Contract No, K0210G22 of the U.S, Bureau of
Mines with the University of Caiifornia on the subject entitled "Wave

ropagation in Anisotropic Rocks.” It covers the period from February
5, 1971 to Februar; 4, 1972 ami will be followed by additional reports
involving extensions of the present contract. The scope of the program
is detalled in the proposal identified as UCB-Eng 3154, dated 19 August,
1970 and submitted on behalf of the University of California, Berkeley,
by W, Goldsmith as Principal Investigator, and is also spelled out in
Article I of the subject contract., It was envisioned initially that
the completion of the entire investigation outlined in these documents
would require a period somewhat in excess of two years; consequently,
the present document comprises an interim rather than a terminal report
of the program, The time schedule originally indicated for the various
phases of the work has been closely obscrved,

The scope of the activities was subdivided into several categories
as follows: (a) An experimental examination of the wave processes
produced by impacts of spheres on the surface of large blocks of Yule
marble, involving the measurement of surface and body waves by means
of strain gages, acceleromet«rs, and transducer packages embedded in the
sclid; (b) A theoretical anairysis of the pulses produced in the block,
modelled as a transversely anisotropic half-space, using integral
transform and other mathematical techniques, and comparison of the pre-
dicted response of this moudel with experimental data; and (c) The exau-

ination of the mechanical properties of the material Yule marble,



including the effect of rate of loading on fracture properties, Each
of four graduate students was assigned to a scparate phase of the program:
Nr., XK. Krishnamoorthy devoted his efforts to part (a); Mr, S, L, Suh
was concerned with the devel.u.pment and numerical evaluation of the
analysis employing integral transform techniques; MNr. X, Katona
occupied himself with the development, validation and application of a
finite-element solution of the problem; and Mr, S. liowe was associated
with the phase involving the determination of the mechanical properties
of the rock including fracture, These students are utilizing the re-~
sults of their efforts on this project in whole or in part for their
doctoral dissertations or masters theses. Professor W, Goldsumith,
Division of Applied Mechanics, and Professor J. L, Sackman, Division of
Structural Engineering and Structural Mechanics, jsintly supervised the
entire program since its _nception and are responsible for its conduct,
Technical assistance in certain portions of the Fortran programming was
rendered by Mr, R. Kenner, and the technical staff of the Departments
of Mechanical Engineering, Civil Engineering and Geology and Geophysics
assist d in the operation of the exverimental investigation,

There have been no major technical difficulties in the pursuit of
the original goals, and the progress made is encouraging to the point of
predicting that these will be achieved within the original time span
estimated, Some changes in emphasis or techniques may be required,
particularly in the methodology of determining the strain-rate effects
on the fracture process, Furthermore, an additional effort may be made
to provide a sound mechanical model for the Yule marble, The program

nas already indicated the desirability of additional investigations in
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the domain of anisotropic wave propagation that will be detailed in
the appropriate section of the report. The program has exhausted the

funds initislly requested without any overrun,
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1. INTRODUCTION

a) Historical Background

A detailed examinatior of the analygis of traasients in homogeneous,
anisotropically elastic media has been undertaken only during the last

¥
(1-7) , ind specific numerical resuits have been obtained

fifteen years
essentially only for two-dimensional classes of problems, One of these
is the solution t¢ the application of a time-dependent point load on
the frec suriace of a quasi-isotropic half-space, i.e, a material in
which thers exists an axis of elastic symmetry perpendicular to the

(6)

tree surface, leading to an axisymmetric problem, Another result

has been recently obtained by Burridge(7)

for a line load applied to
the surface of a semi-infinite solid, with cubic symmetry, i.e, one
wnere the axis of elastic symmetry lies in the free surface; this is
also a two-dimensional problem, albeit of a different nature, In spite
of the limited nature of the presently available theoretical develop-
ment, there have been no corresponding experimental investigations
whose results could be comparcd with the predictions of these theories,

As an initial attempt to broaden the scope of knowledge in this
domain, a closely coordinated tneoretical and experimental program was
undertaken at the University of California by Dr, T, E, Ricketts that
was concerned with the surface wave pulse propagation produced by normal
impact of a sphere on a homogeneous, transversely anisotropic

(8)(9)

half-space, For the experimental phase, this solid was modeiled

by a large block of Yule marble whose axls of e.astic symmetry was

*Numbers in superiors refer to the Bibliography at the end of the report,
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located in the free surface plane., Analyticasl expressions were "b-
tained using a combined Laplace-Fourier transform method which provided
the formal solution of the three-dimensional problem in transform
space. The relations were derived for general anisotropy and then
specialized for the transversely anisotropic case; with the elastic
symmetry axis in the free surface however, a complete inversion of the
displacement field into the real time-space domain was not obtained,

The experiment utilized 3/4" diameter steel spheres which struck
the test block st impact velocities of about 20 ft/sec., Semi-conductor
strain gages and specially-fabricated quartz crystal accelerom~nters
were employed to detect the horizontal and vertical components of the
disturbanre, respectively. The former were mounted both along and
normal to radial lines drawn from the impact point in order to detect
any quasi-Rayleigh components.

The experimental procedure provided surface wave group velocity,
group slowness, amplitude and attenuation curves for the Yule marble,
The experimental slowness curve was compared to the corresponding
analytical phase and group slowness curves computed using both static
and dynamic properties of this substance which were determined i1 this
study, A comparison of analytical and experimental results provided
acceptable correlation,

The investigation described above represented the first combined
analytical and experimental program tnvolving ‘ransient respornse of .ny
anisotropi~ elastic solid and also the first to consider o fully three-
dimensional problem, This piloneering cffo.t w 5 successful, but ot

necegsity of limived scope, providing basic features of the solution
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applicable to surface wave phenomena, Details of the body wave motion
were not obtained, but the work represents a foundation for future in-
vestigations and served as the motivation for the scope »f the current

contract,

b) Scope of the Research Proposed Under Contract No, H0210022

The purpose of the investigation was the determination of the
response of a re:l rock material to a surface impact, To this end, the
variation uf stresses in the interior and on the surface of a block of
Yule marble to transient loading by a spherical projectile were to be
measured and ¢ mpared to a corresponding mathematical model of the
system,

Two large blocks of Yule marble were supplied by the U,S., Bureau
of Mines for testing purposes, This material was selected since it
represents a reascnably homogeneous continuum or the scale of the
wavelengths employed, yet exhibits a greater degree of transverse
anisotropy than any other natiiral substance avallable in the required
size and quality, In one of the blocks, the axis of elastic symmetry
is in one of the iree surfaces, but not parallel to the edges;
consequently, the block can be used either as a transversely isotropic
solid loaded in a direction parallel to one of the non-symmetric axes
or at an angle to these, To be employed in an experiment invelving a
quasi-isotropic situation, 1t would be 1ecessary to machine the block
80 as to produce a loading plane perpendicular to the axis of elastic
symmetry,

The methodology for the measurement of surface phenomena has been

satisfactorily worked out by Ricketts utiiiving semi-conductor strain



(8)

gages and accelerometers . The present objective riquires the

development and installation of transducers capable of recording the
response in various directions in the interior of the block, To this
effect, it was necessary to institute a developmental program for the
manufacture, calibration and installation of minute sensor packages to
be nlaced at the terminus of various holes of very small diameter
relative to the block size, In addition to the actual problems of
excavation, there is the crucial problem of selection of a suitable
filler material that anchors the transducer package, completely fills
the drill hole and exhibits appropriate acoustic impedance and other
mechanical characteristics compatible with the parent material, The
proper functioning of the externally calibrated transducer unit in situ
will require a special investigative subprngram and constant attention,

In view of the limited space available for the placement of the
transducers, their locations within the block must be selected with
great care so as to permit the recording of data for a wide variety of
external loading situations and for different response quantities,
taking full advantage of the symmetry of the block, Loading will occur
by meuns of sphere impacts using eitirr a drup or pneumatic techniques;
the initial and terminal velocities will be monitored so as to permit
control of the characteristics of the incident impulse.

The mathematical model employed in this study consists of a trans-
versely isotropic homog:@:neous elastic half-space subjected to a transient
point load applied normal to the f{ree surface that contains the axis of
elustic symmetry. The integral transform techniques initiated in

References (8) and (9) were to be further developed so as to permit
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numerical evaluation using high-speed digital computing equipment of
required field variables at selected stations, During this process,

it was found to be necessary to employ a different transformation than
sketched earlier in order to obtain a more practical solution algorithm,
Eventually, the displacement and stress fields are to be generated from
this analysis for arbitrary loading histories,

It was deemed necessary tu initiate an independent method of
analysis involving the discretization of the block by means of the
finite element method coupled with a variational principle from which
the equations of motion are Jerived, This technique will be used to
validate the results obtained from the integral transform procedure and
has a potential for bsroader applications in the theoretical investiga-
tion of more general wave , ropagation processes such as might be
encountered in the field., These complications might include the effects
of total anisotropy, inhomogeneity, the presence of boundaries, more
general loading conditions, and possibly inelastic behavior, This
effort has pald unanticipated dividends by both providing a degree of
confidence in the transform approach upon successful correlation of
corresponding numerical results, and by indicating the direction to bhe
followed analytically in the pursuit of the solution of more complicated
phenomena beyond the s-~one of the present contract,

In order to predict with confidence the diverse phenomena expected
to occur upon loading of this material, it is crucial that a full
knowledge of the complete mechanical behavior and its dependence upon
loading rate as well as the orientation of the axes of elastic symmetry

within the two actual blocks be precisely delineated, Some information
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on the values of the static and dynamic elastic constants as well as

- »4.9*3&“’*’-‘”%%%
(2]

the orientation of the principal axes for one of the blocks was indi-
cated in Reference (8); however, the precision of the numerical procedures
to be employed in the analysis requires a verification and refinement

of these values as well as a more extensive investigation of the stress,
strain, strain-rate behavior of the material composing both blocks, In
addition, the effect of loading rate on the fracture characteristics

of the material was to be determined so as to determine the limits of
applicability of the analysis detailed above, The data will be employed
to construct a physical model of the behavior pattern of the Yule
marble that might be useful in assessing the deficiencies of the homo-
geneous linearly elastic comportment assumed in the mathematical
treatment of the impact phenomenon, as well as being of considerable
value in its own right,

Stress-strain curves for the marble have been obtained at various
low rates of loading and for repeated loading below the failure point,
Methods of achieving higher loading rates have been investigated and
will be applied, A technique for the determination of fracture

characteristics of bone(lo)

will be utilized for the corresponding in-
vestigation of the marble, supplemented by suitable visual techniques,

A significant portion of the total effort was devoted to the evolu-
tion and development of new techniques necessary to achieve both the
experimental and numerical objectives of the program, This has iavolved
the selection, design, construction and calibration of the transducer

package, the methodology of drilling and the fabrication and injection

of filler material for the holes, Further, this includes the writing
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and debugging of the computer programs and their specialization to
problems with known solutions for the purpose of .alidation, Investiga-
tion of possible methods of determining the principal axes of the

blocks with sufficient accuracy, yet reasonable in terms of cost and
time expenditure, . ive received special attention, These and other
required preliminary efforts do not manifest themselves in immediate
concrete results, but are vitally necessary to the successful execution

of the project,

c) Current Status of the Project

After one year of operation, the accomplishments of the project
correspond quite closely to those anticinated in the program schedule
of the original proposal., The tranaducer development, budgeted at six
months, has been completed and a calibration procedure standardized.
Installation techniques, including coring methods and investigation of
filler materials, are still in the process of examination, a)chough the
majority of the effort for this phase has been expended, When this
task is completed, expected to occur in another two to three months,
locations of the transducers in the two Yule marble blocks together
with access holes will be selected and in situ ca)ibration and testing
will be initiated,

The solution of the boundary value problem by integral transform
methods has been reformulated in terms of variables different from those
indicated in Reference (9). This has permitted the delineation of the
displacement field in terms of quantities derivable from the roots of a
sextic algebraic equation whose coefficients depend upon the elastic

constants and on the spatial transform parameters, A program has been
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written to carry out the necessary numerical computations and test
cases are currently under scutiny, Consequently, this aspect of the
investigation is approximately three months ahead of schedule, An
additional effort will be required to determine an analytical ~xpres-
sion for the strain field and to write a program to evaluate this
field, so that the results so obtained can be compared directly with

strain measurements, This procedure will probably involve n large

amount of computational effort, but this appears to bhe unavoidable since

the alternative of numerical differentiation is not a feasible
procedure,

A three-dimensional finite element code for a general anisotropic
elastic medium has been programmed and found to work effectively in
predicting the effects of uniaxial wave propagation in isotropic
materials, The results for the three-dimenslonal case of a point load
acting on an isotropic half-space have been found to disagree signi-
ficantly with those obtained from the corresponding closed-~form
solution, The indications are that the difficulties encountered can
be attributed to the numerical integration scheme employed over the
basic finite element, This scheme will be revised and, further, the
finite element will be improved, It is expected that upon the resolu-
tion of this difficulty, uo significant problems will occur when the
anisotropic mouel used in the present investigation is introduced into
the progras,

The investigatiosns involving the proper.v determinations of the
blocks are slightly behind schedule since this phase was initiated

almcgst one-half year subseqiient to the beginning of the contract,
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However, since aany of the techniques to be employed here have pre- ,
viocusly been utilized extensively in our laboratories, the overall
development time for this portion will be considerably legs than for

the other experimental phases, permitting the expenditure of more

time for the gathering of data.

3 : The following section will present in detail the technical accom-

!
! plishments during the first year of operation of the contract. A ;

subsequent section will discuss the anticipated efforts during the

second year of the investigation,

PR AT ML e T
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11, TECHNICAL ACCOMPLISHMENTS :

The achievements attained during the first year of operation of
the contract are described in detail in the following section, The
subject matter is subdivided into the following categories: (a)
Experimental Examination of the Wave Processes in an Anisotropic Hock
Material; (b) Theoretical Examination of the Pulse Propagation Produced
in an Anisotropic Solid by a Concentrated Transient Source: (1) Integral
Transform Method, and (2) Pinite Eiement Mothod; and (c) Determination
of the Mechanical and Geometrical Properties of the Yule Marble Blocks

to be Employed as Half-spaces,

a) Experimental Examination of the Wave Processes in an Anisotropic
Rock Material

In the present project, the examination of body and surface waves
will be conducted using the two blocks of Yule marble cited previously,
with dimensions of 14' X 1}' X 2', one of wilich was used in the
investigation by Ricketts(s)(g). The procedures to be employed also
closely parallel this earlier work, but involve significunt and
innovative «xtensions,

The specimens will be loaded on the free surface by means of sphere
impacts either directly or through an intermediate loading bar; the
loading pulse will be monitored by crystals or strain gages at the
contact point or on this intermediate bar. The impact will be controlled
in order to limit the length of the pulse to a dimension small compared
to the size of the block so that obsc.vations of the entire initial
transmitted pulse at & number of stations can be accomplished without

disturbance due to waves reflected from the free surfaces of the specimen,
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Such aignsls from bhoth surface and interior detectors will be photo-
graphically recorded using oscilloscopes, Pulse shape variations can
be accomplished by the use of spheres of different sizes, other shapes
and sizes of strikers, employment of projectiles composed of different
materials, or by changing the shape and/or composition of the trans-
mission devices,

The initial effort to produce body-wave sensors utilized 1/8" X
1/32" circular X-cut quartz crystala that measure uniaxial normal stress,
The first experiments were performed in rock bars of about 3/4 inch in
diameter subjected to central longitudina® impact. This involved the
attachment of lead wires to the crystals using Electrobond #2016
adhesive manufactured by Adhesive Engineering Company., A bar about 2
feet long was cut into two by means of a special rock saw and a hole
3/18" in diameter and 3/16" deep was drilled on the centerline of one
of the segments, A diametral groove was sliced across the hole to
accommodate the lead wires, as shown in Figure 1, The hole wis now
filled with a mixture of EPY~-150 epoxy cement and rock powder, and the
crystal was embedded in this composite. The other segment was then
bonded to the first to produce a single test specimen with an internal
transducer, employing a special alignment jig(s). A pair of SR-4,
FAE-12-12 S9L foil gages were mounted on the opposite ends of a bar
diameter at a position about 3 inches from the crystal position by means
of EPY~150 cement manufactured by Baldwin-Lima-Hami'ton Electronics,
Inc,, as shown in Figure 2, These gages were incorporated in a
potenttiometric circuit and wore coupled in series to eliminate any

antisymmetric components of the transient from the records, A }"
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diameter steel ball was dropped from a height of 4} feet onto the end
face of this bar and the resulting pulse as sensed by both transduce:rs
was recorded cn an oscillcscope, As showa in Figure 3, certain dis-.
tortions in the signal wers produced by the crystal, but not by the
surface strair gage, indicating the need for corrective measures,

In the next exper.ment, one segment of a similar bar was drilled
to a depth of 2" and a diameter of 3/16" as shown in Figure 4 with the
sensor attached to the end of the core. The core was then reinserted
into the hole in the har and the remaining void was filled with an
epoxy cement; the second segment was attached as before. A similar
impact test again inddicated distortion of the crystal signal; tlLis
effect was now believed to be due to either a cross effect between
longitudinal and lateral strains of the completely embedded crystal or

(11) The

due to inadequate lov frequency response of this sensor
latter is a function of the circuit time constant RC with R and C as
the total resistance and capacitance of the circuit, respectively. It
had been estimated(ll) that if a 3000 uuF capacitance were to be intro-
duced in the circuit by the addition of parallel capacitors, it woulid
permit the reproduction of both peak amplitude and duration of the
pulse to within at least 95 percent, However, such a step did not
materially improve the signal response. In consequence, this aberra-
tion was thus attributed solely to the constraint condition on the
embedded crystal,

In view of this conclusion, some attempts were made to isolate

lateral crystal surface from the rock walls, This was successfully

accomplished by surrounding the crystal with a rubber ring that iteft
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the sides of the sensor essentially unconstrained, as shown in Figure

5, and embedment of this unit within the bar as before. The results

of a similar impact test as well as that oi the previous crystal

arrangement, presentsd in Figure 6 show that the removal of the lateral

constraint on the crystal pemmits the reproduction of the strain gage

signal with much greater fidelity,

These results were compared to those obtained when charge ampli-
{ fication using an Endevco Corporation dual chonnel charge amplifier
with Microdot low noise c.bles was employed to record the crystal
response instead of voltage amplification. A tentative value of 10.0
X 10-12 coulombs/1b was chosen for the plezoelectric constant of the
crystal, Figure 7 shows the charge output for the constraired and

unconstrained crystal configurations, the latter exhibiting a higher

y;

;
Py
“
P
k

amplitude, obtained from the chopped mode of a single beam oscilloscope

trace: these data support the conclusior above concerning the origin

(12)

of the distortion in the signal, As has been predicted previously

sasnhigs SR L,
PN

the discontinuities due to bonding of the two segments and the trans-
ducer embedment had no obgervable effect on the transmission of the
pulse,

Initially, it was deemed necessary to check the consistency of the

output from the various crystals obtained from the same source (X-tron

Electronics, Inc,, Hayward); this was accomplished by performing a split

Hopkinson-bar calibration technique(lz)(la) as shown in Figure 8, X-cut

quartz crystals, 1/8" in diameter and 1/32" thick were sandwiched
between two 1/8" diameter 2024-T4 aluminum bars, each 15" long, and

subjected to longitudinal impact by a 3/16" diameter steel ball fired

2 e Ny e RIS ¢ RS SARE YL MM xR s T ¢ s
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from a gun at a low initial velocity, The response fros inis trans-
ducer and from a pair of strain gage stations, each consisting of two
sensors at the opposite end of a diameter and connected in series,
located just ahead and just behind the crystal were recorded on osciilon-
scopes that were triggered from the output of a strain gage mounted
about 3 inches from the impact end, A Kistler Instrument Corporation
Model S/N 477 single channel charge ampiifier was used in onjunction
with the crystal Excellent correspondence between the rise times

and pulse lengtls cf the two types ol records were obtained. The

same result was obtained for each of approximately 10 different crystals,
indicating in addition to the reproducibility feature that the dis-
continuity introduced by the crystal yielded no measurable effects,

In order to retain the lateral freedom of the crystal upon
insertion in the specimen by rreventing the bonding material from
surrounding the sensor, and retain its freedom from lateral constraint,
it was found to be necessary to mouat the crystal inside a housing.
Initially, this housing was {abricated from lucite in view of its easy
machinability, and the unit was assembled as shown in Figure 9, This
was then tested in a s,16" split aluminum Hopkinson bar similar to the
one described above, The signals from <he unit showed distinct evidence
of reflections caused by impedance mismatch of the lucite relative to
the other materials employed. As a consequence, the revised design
exhibited in Figure 10 was adopted.

Here, the crystal was encassd between two aluminum end pieces
separated by a glass washer, The latter was cut with a precision

diamond saw to achieve parallel faces from a tube previously etched to

4
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the required dimensions. With this arrangement, the ‘mpedance mismatch
hetween the aluminum, quarty and glass components of the unit is
minimized, This package was now tested in the s)lit Hopkinson bar
srrangement as shown in Figure 11 with good results as portrayed in
Figure 12, A total of six crystal packagesz were assembled and tested
in this sanner; their response was in excelle .t agreement with the
corresponding strain gage signals. Thus, this technique was also
employed for the calibration of the packages.

A piezoelectric crystal is essentially a charge generator and the

potential difference V between its faces is given by

V=3 Q)

where q is the charge generated and c, is the capacitance of the

t
crystal, If the external capacitance of the circuit is Cs which

includes the capacitances of connecting wires, connectors and the input

capacitance of the recording device, then

. q
V= c, +C ()
t s

In the case of the X-cut quartz crystal used in the longitudinal com-
pression mode, the pliezoelectric relations reduce to,

q=0C*Ak (3)
where 0 i~ the longitudinal stress, A is the electrode area of the
crystal and k is the appropriate piezoelectric constant, Then Eqs,
(2) and (3) combine to give

V(Ct-+Cs) ve

O':--—-—KK————:K-E (4)

%
3
H
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In order to establish the values of the circufit counstants for

the arrangement emloyed, the capacitances of the crystal, connecting
wires, connectors and other external elements were measured by means
of an impedan~e bridge. The total capacitance of the circuit then
consisted of these values plus that of the plug~in unit. The circuit
resistance consisted essentially only of the oscilloscope input
impedance, amounting to 10 megaohms for the type 2461 plug-in unit
used in conjunction with the Tektronix 565 double beam oscilloscope,
These data are required in order to compare the piezoelectric con-
stant determined from the cutput of the transducer package equated
to the strain gage signal with published values for this crystal,

The identical split Hopkinson bar technique used in the quality
control studies previously cited was employed for the actual calibra-
tion, The tests involved the dropping of a } inch diameter sceel
sphere onto the vertical bar arrangement. The strain gages exhibited
a gage factor of 2,01, a resistance of 120 ohms, and were calibrated
by the dynamic shunting of externaul resistances into the circuit and
observation of the deflection of the trace(14). This permitted the
establistiment of the strain-time record and the evaluation of the
transducer package response upon comparison of the peak strains, as
saown in Figure 12, Values of the corresponding uniaxial stress were
obtained by means of & value of 0.6 X 106 psi for the dynamic modulus
of the aluminum calibration bars,

With the aid of Eq. (4), the measured total circuit capacitance,
the area of the 1/8" diameter crystal face, the peak voltage output and

the maximum stress evaluated, the piezoelectric constant was compuced
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- -12
to have an average value of 10,2 x 10 £ 0,2 X 10 1 coulombs/1b

which compares well with the value of 10,01 X 10"12 coulombs/1b cited
by Lion(ls). It was observed that the pulses recorded by the strain
gcges ahead and behind the crystal were identical. The calibratior
was performed for three values of external capacitance, i,e, 3,000,
6,000 and 12,000 upF, and a total of 4 crystal transducers were tested,

After calibration of the transducer packages with a known external
capacitance utilized to improve low frequency response, the v i1ts were
then tested with the aid of a cha'ge amplifier, In this case, the
response is independent of the c¢i cuit capacitance(l4). The value of
the piezo.lectric constant k determined from the calibratiun tests
was used to obtain the charge and the stress could then be directly
computcted, The excellent cor-espondence between these results is
exemplified in Figure 13, A'1 subsequent calibration of the units will
utilize the charge amplifiecr technique in conjunction with the estab -
lished vatue of the piezoelectric constant,

An additional physical modification of the transducer unit was
required in order to permit ready insertion into relatively long ¢ sre
holes, This was accomplished by a rearrangement of the lcid ronfigura-
tion as shown in Figure 14, Although the acoustic impedances of the
elements composing the package are nearly identical, they differ signi-
ficantly from that of the Yule marble specimen in which they are to be
inserted. However, in view of the expectation that the lengta of the
pulses gencrated will be large in comparison with tire dimeasions of the
transaucer package, the responsc s not believed to be significanily
affected by this mismatch, Experiments are currently in progress

utilizing Yul™ marble bars to directly yercfy thes hyputhess,

PY
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Coring of 3/16" diameter hole. in Yule murble bars by means of a
diamond drill has shown that the cores could not be recovered due to
severe crumbling of the wmaterial. Thus, it appeared necessary to first
drill a hole, then anchor the transducer package at itc base, extract
the leads, and then fill and tamp the remaining void with a suitable
replacement material, As a preliminary study, several 1-i/18" diameter
bars of Yule marble, 9 inches long, were obtained by coring out large
slabs of locally available material, and two smooth-foced segmeuts

were cut under slow hydraulic feed, 4 3/16" diamcter hole about 2"

long was drilled coaxially in one length of the bar, The crystal

transducer was inserted and the hole was filled with 2 mixture of rock
powder and epoxy. A composite bar assembly was made as shown in Figure
A 15, Strain gages wore mounted on the bar at the same section as the
crystal station, A dynamic experiment was conduc.ed by dropping a 3"
diameter ball on one end of the vertically held uassembly, The re-
su'ting pulse was recorded by the embodded crystal tranciucer and the
strain gages, Reflections, due to the epoxy rock mnixture filler
material, occurred which were observed on the ovscillograms,

At present further experiments are in progress to select a suitable
3 filler material which would closely match the acoustic impedance of Yule
marble, It is thoaght that this will consist of a mixture of alumina
and epoxyv in tae appropriate proportions, the former having high
impedance nnd the latter having low impedance compared to that cf Yule
marble, Additional work is also underway to establish o suttable
1 groutirg material, However, the development work ca ried out so tay
indicates that the installation of the crystal transducer ¢ n be

accomplished satisfactorily i1n deep holes,
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b) Theoretical Examination of the Pulse Propagation in an Anisotropic
Solid Due to a Transient Source

The formulation of the equations governing the boundary value

proulem of a generally anrisotropi~ half-space subjected to a normal
time- Jependent point load on the free surface are straightforward,

The constitutive relations are

Tiy = Cigup Okt = ¥ Ty Uyt ug ) (5

where u, is the displacement vector, Gij and ekz are the stre- and

strain tensors, respectively, and c is the tensor of the elastic

13k

constants thacv satisfy the following symmetry relations

Cigks T Cyiks T Cigtk T Skiiy (6

In the usual tensor notation, a comma indicates differentiation wi.h
respect to the variable (s) following it and the usual summation conven-
tion on spatial variables is ewmp.oyed, In a homogeneous medium obeying
Eq. (5), for small displacements, the displacement equations of motion
under no hody forces arc given in a rectangular Cartesian coordinate

system xl, X X, as

2’ 73

“i3ks Yk, 23 T P Yite ™

where ( is the mass density and t is time, When the rree surface of

the half-space is given by x_ = O, the boundary condition here becomes

2

ciZRLuk,l(xl’ 0, X4 t) - - 6i2f(t) 5(xl¢ x..) (8)

3

where 61’ ig the Kronecker delta, t(t) is the arbitrary force history,
and 6(xl, x3) ie the two-dimensional Dirac delta function; the roadiat:on
condition at infinity 18 also 1nvoked, However, the actual evaluation

of the fields for this problem will require extensive numerical
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computations which, for the general anisotropic case, may aot be
feasible at the present time,

In the problem pnsed above, a transversely anisotropic half-space
is considered with the axis of elastic symmetry located in the free
surface, The stress-displacement equations for this solid are given

by

%1 %1 %M1t G2 Y2,2 * %13 Y33

<} +C

22 = C%2Y,1 * %1 Y2,2 * %3 Y33

O33 = €13 (U),1 + ¥y p) *+ €33 Y3 3
(9)
Tg3 = C4q (U3 5 + Yy 3)
%3 = C4q Uz ) + U 3)
Oyp =8 (g - ey (@ » +uy )

where the standard contracted notation cmn withm, n =1,,.,,6 has been

employed instead of the four-index representation c¢ "he solution

ijks’
of this problem is considerably more tractable and has been attacked

by two different procedures: (1) The Integral Transform Technique, and
(2) The Finite Element Method. Each of these two methods has unique
advantages and disadvantages in the evaluation and interpretation of

the results,

The integral transform method utilizing a Laplace-fourier transform
and a Cagniard-de Hoopprocedure(e)(s)(u” is well established and permits
interpretation ¢f the wave process in terms of surfaces (velocity,
slowness and wave surface) that are associated with phase and group

phenomena in the medium, Tnis technique allows the evaluation of any

individual response quantity at any point of the medium and at any
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specific time without the need for its evaluation at any other space-
time point, Thus, the procedure is very efficient if only a few values
are desired, but becomes very expensive in terms of machine time if
the entire field needs to be evaluated over a prolonged period, The
numerical methods required for this analysis lead to errors that are
both known and, furthermore, whose size can be controlled readily, On
the other hand, this technique also becomes intractable when the
phenomena to be investigated involve greater complications of loading,
anisotropy, inhomogeneity and boundary conditions, In this respect,
the finite element method has distinct advantages, but suffers from
the drawbacks of the need for the evaluation of the entire field, the
lack of experience in the use of this technique for problems of this
kind, and the fact that the discretization piocedure is not as well
understood or controlled as for the integral transform analycis,
(1) Integral Transform Technique,

The technique to be employed is an adaptation of that utilized by
Kraut(s), Rlcketts(S) and Burridge(7). For the transversely isotropic

case, Eqs, (7) reduce to

c. u

1Y1,01 Y C2Y,22 Y 3 Y a3t (6T Cp)

Y3,21

= U

* S Y331 T Y et

(cl- cz) uL21 + ¢, uz'11 + ¢ uz'22 + <:3u2’33 (10)
% Y3,32 T V2,1t

€4 %1 ,31 Y Cqt2,32 Y %3 U311t C3 %3,22 Y C5Y3;337 Ya, et
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where five new independent constants have been introduced by
¢, = cll/p c, = }(c11 - 012)/9 c,y = c44/p
(11)
cq = (ey3 + c4g)/P G5 = C33/P

The equations of motion and the boundary condition will be subjected to

a one-sided Laplace and to a double Fourier transform defined by

Y -
u"‘c'(x, 8) -_-J e 5t uk(;, t) dt 8 > 0, real (12)
o
and ®
is(o,x, + a.x,)
=% _ [T 1%y * %% L 2

uk(al, x2,013,s).. J..J e uk(x, 8) dxl dx3 (13)

-C0

-
respectively, where x is the radius vector from the coordinate origin

to a generic point in the medium and i =./~1 . In transform space, the

former become

[cznz-sz(claf+c.d§+l)] 'G;' - (e, - ¢,) tsa * e sl o ut= 0

3 1 2 4 1"373
- - * 2_ 2 2 2 -~ i —.
(e1 cz)isalml + [ch s (czafl +c3a3+x)]u2 c, 180 DUY = o (14)
2 - d 2 2 < 2 o g
Cy8 ¥ U, c41303 Du2 + fc:}D ® (caa'1 JCRC P l)Ju3= 0
where the symbol D denotes differentiation with respect to x2. The
corresponding boundary conditions on X, = 0 are
- -
% Dul - 150'102 = 0
- rradi - - - _ L
(c1 202) ismlu],L ¢,Du, + (c4 c3) 1803u3 = £7(8)/p (15)
E *
- _ ——
Du3 1saau2 = 0
A solution is now assumed in the form
-s)\x2
ar = U e (16)

N
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which, upon substitution in Eqs. (14), leads to a system of homogeneous
algebraic equations in Uk; the condition for a non-trivia! solution

yields the following determinantal equation

2 2 2
czk - ¢,0) - e 07 - 1) (c1 - c2) WIA - c 0,0,
(e, - c,)io A (c )\2-0 az-caz-l) e, ia )\ =0 (17)
1 2 1 1 271 33 4773
N 2 2 2
¢ 4°'1°'3 Cy iaak (c3k - °3°'1 - cylly - 1)

Equation (17) is a sextic in A and defines the slowness surface. For
a transversely isotropic material, it degenerates into a quadratic and
a quartic factor which greatly simplifies the subsequent analysis.

The slowness surface is given by

[(e,A? - W (egh® - 1) 4+ c2a? 2% (e h? - W) = 0

\
4 %3 (18}
where
M=c az +1 N=c¢ az +1 and
33 4 573 '
Az = )\2 - O'f o

Consequently, the expressions for XJ = Xj(al, 0q), with j =1, 2, 3

may be written as

1 2 2
A = et = [of + (e 4 1)/‘32]i
} (19)
2
R RS FWALIR de e M
2,3 " "2 1 2¢c

1€3

where § = clN + cau - c: ag and XJ are to be chosen such that Re(\ )20

J

to satisfy the radiation condition, Substitution of these eigenvalu«s

into the homogeneous algebraic equations yleld the three associated

eigenvectors Uij) 80 that the general solution to Eq, (14) now takes

o e EERY

IRV
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the form
3
-8 x
- (&) J2
uk = 2 Uk e (20)
J=1
If the three independent U(J) are chosen as U(J), then Eq. (20) may be
k 1
written as \ A \
-8A_x -8A _x -8A_ X
G: - U{l) e 172 + 0{2) e 272 + U{S) o 32
-8) x -8\ _x
- _ 1y "*h*a (2)_"%"2%2
u, = (ml/kl) U e (xkz/al) U, e
-8\, x (21)
- (3) 372
(113/a1) U e
-sA x ~8\, X
-~ 1 (2) “°%2%2 (3) 3%2
u, = 5;5; [b,a U1 e + b3 U1 e ]

2
where bJ = (clkJ - M)/c4 i 3 = 2,3,

The general solution, Eq, (21), is then adjusted to satisfy the
boundary conditions, Eqs, (15), yielding three eguations in U:J)

2 2,..(1)
(ll +

(3)
V4

(2)
+ 211X2 U1 + 2A1k3 U1 =0

(1) (2) (3) *
lei + L2U1 + L3U1 = talf (s)/ps (22)

22 (1) (2)

2 2 (3)
alaa U1 + k112(034-b2)01 + X1k3(034-b3)v

1 =0

2
where L1 = 2c2a1,

Ik = L1 + CIA: - (c4 - CS)bk , k = 2, 3,

The relations are now solved for the U:J), and substitution of these

valuea into Eq. (21) yields the displacement field in transform space

el g
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i ~sA. X -8\ _x -8, X
w1 [ 172 272 3 2]
ul”f('):plbo Ale +Aze +A33
. . 1 af -sklxz -s)‘zxz -axaxz
u, = t%(s) -é-;b-; [7\'; Ae + KzAz e + kans e ] (23)
-8\ X -8\, X .~
ey 1 [ 2"2 32
uy . 17(8) T Do bzAz e + b3A3 e _j
where Do = AII‘I + A2L2 + A3L3
Al o - 2k1l213 (b3 - b2)
2 2
Ay = AIA302 4 b)) + 207 1]
2, 2 2
A3 = - 12[/\1(0’3 + b2) + 20'1 b2] .

Usiny the Fourier inversion theorem yields the solution in the Laplace

treansform space as

© 3
* -s(ia, x. + 10.x, + A x.)
@ BB [ Y 4D aye 11T I 040 (a0

1773
4np -0 j=l
where
io
3 __1 -
W) -DOAJ , 3=1,2,3
2
o A
1y _ 1 <3 _ 3
¥y ¥, Mo Y2 =b, M v 2, 3
ib
1 _ &) J _
Wyl =0 , Wy =03D0AJJ~2,3

The inversion cf Eq, (2.) into the real time domain is expedited
by the transform

%

¥, =W sin § = - ip sin 6

L]

wcos 8 = - ip cos @
ce<w<o; - dns § < gn (25)



where the Jacobian of the transformation is |J(P. 0)‘ = p and p is
considered tc be comple:, Furthermore, a polar coordinate system in

the xlxs-plane is introduced, given by

x, = r cos x3=rsm'é' with 0 S r <o and 05§ < 2n (26)

Equation (24) is now rewritten as

k1)
2 e 3
-s[pr cos (8-9) 4\ x, ]
wr@s) =~ -%-Ide ]' s 1*(s) 2 W9 (o, 00pe I 2 (2
4n°p
O - s=l
2

(16)

It is inverted utilizing the Cagniard-de Hoop method in which new

variables are introduced by neans of the relations

Re[pr cos(B-9) + A (p,0) x2] =t

J 1

(,9) xz] =0 (28)

J
Sm[pr cos(®-0) + )‘j

where t, is real and positive, These relations define three sets of

J
parametric relations in tJ for the Cagniard-de Hoop path on the complex
p-plane. Using Cauchy's integral theorem and Jordan's Lemma, it
can be shown that integration along the Bromwich contour for Eq, (27)
is equivalent to integration alorg the Caghiard-de Hoop path(s),

Equation (28) may be expressed as a polynomial p as

c
p2[cosch cosz(g-ﬂ) + (cosze + 29' sinze) sinch}

2
9 (29)
- p[27 cosp cos(B-8)] + [T2 - ?'3'2"?'] =0
2
and
pte A, B 8,00%+ B, 5,0,90p% +c(1,5.0,9)p + E(1,5,0,¢) = 0 (30)

for the quadratic factor involving )\1 and the quartic factor involving

\,2 and 7\3, respectively, in Eq., (19)
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where, T = t/R,

A=~ % (27 coss(p coss('g-ﬂ) + 1G cos® cos(§-8) unz(p] ,

20 llu%@ - sin%p cos%p .

B % [6‘r2 cos%p 0082(3-9) + 1

cos?(8-9) e - linﬂa J] _j
C=-~- % [21’3 cos® cos(®-0) - T cos® un% cos(® O)el]
1 2
E = F [74 -1 stn%p e, + sin‘w hIJ

F = cos%p cosqu-ﬁ) + sin%p cos%p 0052(5-9)6

+ sinp K

4 2 2. ‘5 .4 z

K =cos 9 + (2-m1) sin“® cos“® + . sin' ©
1
2 2
J = e, cos 0+ fl sin"@® ,
G=2-m sin29
1
2 2 ‘

m = h1(2°1c3 - CCp = Cq c4) E
e, =

1 hl(c1 + c3)

e
il

1 hl(c3 + c5)

x
-t
B
[~
-
~
(2]
1]
0
~

=2
[}

l/clc3

In the above, an additional space transformation is introduced, given by

. - X
R = (r2 + xé)* , 0 S R<®; ¢ = tan 1 1? ,0sp<nn (31)

Since Eqs. (29) and (30) are polynomials in powers of p with real
coeffi~ients, their roots are either real or complex conjugate, Upon
deform:ng the path of integration of Eq. (27) into Cagniard-de Hoop

contours, recalling that s and T are real and taking advantage of the



) L P P, b SO

b b

Mo e awg e gl

symmetry of the path with respect to the real axis of the p plane,

there results

=Y
u:(x,s)a

® 3
o i 11
a6 j t‘(a)z Re wl(‘”(p,o,'ﬁ,ep)}pg‘t’-e st (32)
t,

2ﬂ PR J=1

Nl “—-»aal:

The inversion of this relation into the resl time domain is now obtained

by inspection as

I
2t 3
uy (3, ) =g fdef Be-t') ) Re(wV (5,0,5, @]
WWOR 4 g 3=1
) J
' (33)
p(t’) (: ) H(t-tJ) at’

To effect this procedure with any degree of facility, it was necessary
to define Riemann surfaces for the Cagniard-de Hoop paths defined by
Eqs. (29) and (30) where the values of p are single-valued and analytic,

Since there are three branches of XJ derived from the sextic equation

(19), there must exist three such Riemann sheets, If such surfaces arve

not utilized in the inversion process, then p will be a multi-valued

(6)

function and the analysis becomes vastly more complicated and tedious

The time function f{t) will now be replaced in Eq, (33) by the

tz 0

Dirac delta function 6(t), and the Heaviside function H(t) = £<0 !

respectively, yielding
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u G0z —1— [ o ) eew!Pp,08,001p R et )J (35)
H 2v PR n J=1
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Equatinn (34) is the Green's function for the present dynamic problem
and the displacement field for an arbitrary time-dependent force f(t)
may be obtained by convolution of this function with f(t)., Equation
(35) represents another relation that may be employed to obtain a
general solution for an arbitrary time history upon convolution with
SE £(t). The latter is a more convenient relation for this purpose
sjace the kernel function need not be differentiated with respect to
time.

It should bz noted that, although‘y and 9 are independent variables
in two separate spaces, the integrands of E3s., (33) to (35) are related
to the response on the ® = coastant plane due to a corresp: ‘ing line
source at 8 = 8 . 90° in the two-dimensional solution(s) duc to the
principle of duality between the slowness space, where 6 is defined, and
the wave surface(17). Consequently, the solutions of these equations
can also be considered as the superposition of the responses of a con-
ta s digstribution of line sources in all directions within the X, = 0
plane upon multiplication by a weighting factor,

For the propagation of surface waves, the Cagniard-de Hoop path
collapses to the real axis of p which contains the hayleigh pole., Since
the path of .ntegration must be deformed to exclude this singularity,
the resulting infinitesimal semicircle no longer corresponds to real

time and the contribution from the Rayleigh pnle must be evaluated

separately. This contribution is given by

]
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u (x., 0, Xy t)=Bl'6(t- (36)

)
pole ! vn(‘G,e)

where vn(B,e) is the Rayleigh wave velocity obtained from the location

of the pole and constant B, is given by

1
n

2

2
2

with Q as the residue of the expression

1w

Re‘ Wl(‘j) (p, 9, 3‘ (38)
1

]

J
appearing in Eqs. (34) and (35) at the Rayleigh pole.

Except for the determination of the stress field, the equations
presented above conclude the formal anaiysis of the problem and the
evaluation of the field variables requires the use of appropriate
numerical methods as detailed below, It is expedient as an intermediate
step to compute certain physical features closely associated with the
analysis, i.,e, the slowness and wave curves and the Cagniard-de Hoop
paths for the body waves.

“he slowness curves are evaluated by fixing either 8 or ¢ 1n Eq,
(17), Figure 16 shows a set of three slowness curves for a value of
8 = 80° with @ varying from 1° to 89° in increments of 2°, with the

8, and s, axes correspcnding to the inverse of the phase velocities

1 3
along the X and X, axes of the medium, The dynsmic elastic constants
employed in this analysis are those utilized by Rxckctts(S) as shown in

Table 1.

ST
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TABLE 1. VALUES OF DYNAMIC EL/STEC CONSTANTS
FOR A YULE MARBLE BLOCK(8),

c, = 3,.8%X 1010 in2/8e02

= 1,28 X 1010 inz/sec2

[¢]
I

2
¢y = 0.745 X 1010 inz/sec2
¢4 = 1,89 x 1010 inz/sec2
cg = 3.33 X 1010 inz/sec2

Such curves have already been reported in Reference (8) for both body
and surface waves,

Wave curves can also be obtained by fixing either € or T and are
usually evaluated by the rather complicated procedure o. taking polar
reciprocals of the slowness surface, (n the present analysis, they
will be determined by a simpler procedure., By virtue of Eq, (28), the
Cagniarli-de Hoop transformation may be considered as the equation of a
plane 1n the slowness space which 1s normal to the position vector of

receiver station, With increasing time, this plane moves outward
from the origin while maintaining its nomality with the position

vector, At some particular time t this plane will become tangent to

1!
a slowness surface and it can be then considered as a point on the wave
surface from the principle of duality, Thus the wave surface -an be
regurded as being composed of the totality of such tangent planes, cach
assocrated with a different radius vect. r,

Furthemore, these tangent points correspond to the double ruots

uf the Cagniard-de Hoop paths defined By Fgs, (29) and (30),  Thus the

T el
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discriminants Dp associated with tne solutions for p of these equations
must vanish and the roots are real since the coefficients in the
equations are real, (onsequently, the first of these conditions pemits
the evaluation of :the quantity T, the arrival time at a given receiver
station, from a relution of the form

D (7, 9,0, =0 (39)

By ..roducing the varisble T = 1/v in Eq. (39) and solving this
equation for various values of p, each corresponding to a value

Vi(g’ 8, ¢), a plot of
R, = vi('ﬁ, 8, @) * t at t = 1 (40)

provides the wave surface, Figures 17 and 18 show the pair of wave
curves on the plane‘g = 90 for ¢ varying from 1° to 90° and on the plane
® = 45° for various values of E, which are obtained from the

Dp(T, 3, 8, ) = 0 of Eq, (30), respectively, The first of these
diagrams indicates that there exist three characteristic ranges for

0 < < Ly < an “
this medium, wa wl, wl Qb o, and @

- [+ :
2 2 wc < 90°, while the

second portrays two ranges for 6, namely O < gq < @1 and 51 < Gb < 90°,

The cusps in these curves represent characteristics not exhibited by an

isotropic medium, Thus the normal number of roots of Eq, (39) is three,
but in the critical angular ranges wb and Eb' there are four such roots

for a transversely isotropic material,

A computer program was developed which solves the quartic equation
. . ' (18)
(30) denoting the Cagniard-de Hoop path, employing Bairstow's method R

and the results are indicated 1n Figures 19, 29, and 21, ‘The vurves

clearly indicate the nature of the critical regrons of the wave surfaces

o

ls.



33

as discussed above, with only Figure 20 showing four intersections of
the path with the real axis., Sheets I, Il, and III of the path

correspond to values of kl, A, and XS' respectively, each converging to

2
an asymptote for large values of v, A number of other Cagniard-de Hoop
paths and slowness and wave curves have been evaluated, but are not
reproduced here since they do not exhibit any additional unusual
reatures,

A computer program has also been written to evaluate the displace-
ment fleld from Eq. (35); this is currently in the process of debugging,
It may be necessary to revise and improve the program in order to ’
reduce the required computer time for the location of the real and
complex roots of the Cagniard-de Hoop path, a process that appears to
be more costly than necessary., The program also determines the real
roots for Eq. (39) by equating the discriminant to zero and entails a
polynomial evaluator and an integration scheme employing Simyson's
rule, Presently, a period of two seconds is required to compute the
displacement field at a specified point and a given instant of time,

The total computer time for the evaluation of a displacement fieid

along a given ray of the domain resulting from a Heaviside input 1s a
linear function of the number of time 1ntervals that are to be included
in history of the transient, It should be noted that, for a given rav,
the displacements are calcuated for given values of « R, and thus the
history at all points along such a line can be scaled 1n accordance with
this parameter, For fifty time intervals, approximately one-half hour
of computer time on the CHC 6600 would be required to evaluate the

displacements along 50 rays, In addition, a convolution integral
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procedure must be programmed in order to accommodate specilied input
histories; such a process is estimated not to he very time-consuming.
Figure 22 presents preliminary results for the Cartesian dis-
Placement components u,, u,, ua(;, t) for ¥ = 80° and ¢ = 45° for a
seqrence of 19 time intervals, beginning with a spacing of 0,1 X 10"5

5 to 0,8 X 10-5 sec/in and an interval of

sec/‘n from T = 0.4 X 10
0.2 X 10_5 sec/in beyond this range. The time of computation was about
J7 seconds; the angle ® = 45° was chosen since it lies in the critical
range, This diagram exhibits drastically different characteristics

than for the corresponding two-dimensional solut!on(s), primarily in

the absence of strong discontinuities that are present in the two-
dimensional case. Displacements in cylindrical and spherical components

have also been computed for subsequent comparison, but are not included

in the present report,

(2) Finite Element Method,

A finite element computer code, FEAP-71 developed by Professor R,
L., Taylor of the Department of Civil Engineering, University of
California, Berkeley, is being adapted for use on the subject problem,
It is a research oriented finite element sssembly program with a current
selection library of twenty elements and extensive input-output utility
routines and automatic error checking, Extensions developed here con-
sist of the construction of a three-dimensional elcment and associated
time integration schemes suitable for use in a wave propagation probiem,

The dynamic formulation of the finite element method can be derived
from Lagrange's Central Principle which combines virtual! work and

D'Alembert's Principle, The virtual work statement in a continuous body
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can be expressed in indicial notation as
.0 r - 41
j pu 6u1 dv + 3 ) GiJ 6e1J dv X T, 6u1 ds + j F, 6“1 dv (41)
A v S v

where § is the variation, and Ti’ F, V and S are the components of the

i
surface traction and body force, and the volume and surface of the
body, respectively. In order to obtain the displacement equations of
motion, the stress and strain terms in Eq. (41) are converted by means
of the constitutive equation and the strain-displacement relations;

the surface integral is transformed into a volume integral by means of
the divergence theorem, The finite eiement approximation is now intro-

duced by subdividing the domain V and introducing a local Ritz technique

such that for each element, the displacements are approximated by
-+ -+ ~
ui(x , t) = ¢ wi(x) ) {g(t)1 42)

where <¢1(;)> is the row vector of prescribed intecrpolation functions
and {g(t)] are the nodal displacements represented by a column vector
of generalized coordinates, Insertion of Eq, (42) into the displace-
ment version of the virtual work statement yields the set of coupled

linear differential equations

] (3} + ] (&) = (1) (43)

where [M] is the diagonal mass matrix, [K] is the global stiffness
matrix, [G] is the nodal displacement vector for the encirc domain, {é}
is the nodal ecceleration vector, and {f] is the loading vector,

The solution of Eq. (43) is accomplished by using Newmark's Beta

(19
Method ) which is a step-by-step forward integration procedure, given

by

- wAEEAd %
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nel S Un* a-v) unAt + Yun+1At (44)
u o =u +b0At+ @G- B an? 4 i a2 (45)
n+¢l ~ n n 7 n n+l

where B is a parameter characterizing acceleration over the interval
At, Y is a quantity that introduces artificial damping, At is the time
step increment and un, ﬁn and “n are the displacements, velocities

and accelerations at time dtep n, respectively.

Upon inspection of Egqs, (a3) - (45), it is clear that the solution
algorithm is implicit in that the displacement at time t + At is
dependent upon the acceleration at this time, thus requiring either a
costly direct solution or an iterative procedure, However, if the
Newmark parameter P is chosen as zer-, an explicit algorithm results
so that the displacement at the new time can be obtained from inforia-
tion available at the previous instant., Such a choice requires the
exercise of considerable care to insure that the numerical procedure
is stable, Experience has shown that stability can be achieved by
appropriate selection of the time step, namely that the time step be
less than the ratio of the minimum inter-node distance to the maximum
wave speed. This approach was selected here to substantially reduce
computer time,

The majority of the effort in this phase thus far has been the
coupling of the Newmark explicit method with the original finite element

code, FEAP-71, 1In addition, several programming tricks have been

incorperated which greatly reduce computer storage and time requirements,

The half-space is modelled by a mesh of identical element; that

requires the formation of only a single element stiffness, Moreover,

~eadll
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the formation of the global stiffress matrix [K] which requires
massive storage on slow speed devices has been abandoned., Instead,
the operations involving this matrix from Eq, (43) are performed by
manipulating single element stiffness,

After assembly of this program, initial efforts were concentrated
on the debugging phase in which a simple test problem was devised that
consisted of the axial loading by a triangular pulse of a stack of
cubic elements with eight nodes per element, termed Brick-8, This
three~uimensional model collapses to the uni-axial homogeneous elastic
wave propagation problem when the medium is treated as a homogeneous,
isotropic elastic substance with a Poisson ratio of zero, The results
of this check are presented in Figure 23 which shows the excellent
correspondence of the prediccions of the finite element method and
that of classical analysis,

The confidence gained by this agreement prompted the construction
of a more complicated test problem, close in character to the case
under corsideration in this study, for which closed-form analytical
solutions as well as other numerical data were available, This consisted
of the determination of the response of the isotropic elastic half-space
under concentrated time-dependent normal load, as shown in Figurc 24a,
with the three-dimensional finite element model shown in Figure 24b,
Here, the most difficult aspects of the entire procedure, namely the
choice of a suitable element including higher-order interpolation funn-
tions, the time step and the spatial discretization were to be examined
initially, The region in which it is most difficult to obtain accurate

results by the finite element method is the domain close to the
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concentrated load and on the surface of the half-space where dis-
continuities associated with the Rayleigh wave dominate, If suitable
correlation of the finite element computations with closed-form
solutions are obtained in this region, then even better agreement is
expected to exist in the remainder of the space,

In view of the fact that extensive testing of the efficacy of the
clement and optimality of the spatial discretizution on a three-
dimensional basis is extremely expensive, this aspect of the numerical
investigation was performed initially using an axisymmetric (i.e, two-
dimensional) finite-element formulation as indicated in Figure 24c,
This code is adequate to ascertain the validity of the choices
involving these two items, but it cannot be employed in the analysis
of the actual problem since the anisotropy encountered here destroys
the axicymmetric nature of the phenomenon. Thus, upon completion of
this phase of the numerical investigation, the three-dimensional code
will be tested directly with particular emphasis on the aspects
relating to the anisotrowic naitawre of the problem,

The 1nitial results involving a comparison of the finite-element
method and a numerical convolution with a closed-form solution of this
problem(zo) for a pulse of the form f(t) = (sin 2nt)2 for 0° t < 0,5

and zero otherwise applied at the coordinate origin to the surface of

an isotropic half-space with a Young's modulus E = 2,35, a Polsson ratio

v = } and a density p = 1 are presented in Figures 25a, 25b, and 25c¢,
The shapce of the pulse corresponds to that observed experimentally at
(8)

the impact point when a steel sphere is dropped on a block of rock

The diagrams exhibit the v.rtical surface displacements at three
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positions near the impact point as a function of time for both the
three~dimensional and the axi-symmetric finite element analysis, as
well as the results derived from the closed~form solution, It may be
observed that, although the correspondence between the three sets of
data nearest the contact point is not outstanding, it dramatically
improves, as expected, with distance from the impact point as would
algso be anticipated to occur in the interiocr of the medium, In parti-
cular, there is close correspondence between the two- and three-
dimensional finite element results at points x = 0,2 and 0,3 inches,
indicating the validity of the previous conclusion that extensive
testin;; of the efficacy of the code can be performed with the simpler
model, As further modifications of the program are initiated, it is

expected that the concurrence between the data presented here will

improve,

c) Property Determination of Yule Marble

The overall objective of this phase of the investigation consists
of the determination of the gecmetric and mechanical properties of
Yule marble, including fracture properties, as a function of strain
rate, The material is considered to be transversely isotropic based
on both previously published information concerning this rock and the
nature of its geologic formation, and its crystal size is such that it
cah be considered as macroscopica:ly homogenecous in relation to the
wave lengths of transients produced in presently available experimental
specimens, Five major subdivisions of the testing program can be
differentiated: (1) The determination of the axis of transverse

igotropy of the material, principally by use of crystallographic
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techniques, (2) the execution of quasi-static tests on specimens whose
axes are parallel or perpendicular to the axis of transverse isotropy
to provide stress-strain curves in tension and compression, at rates
ranging frown 10-5 to 10_1 per second, as can be obtained in standard
testing machines, (3) the development of procedures tc obtain inter-
mediate strain rates of the order of 10 to 100 per second by modifying
the =p..t Hopkinson-bar technigque, (4) the specification of the
variation of the behavior of the materiel in tension and compression
as a function of strain rate, and (5) the characterization of the
fallure process in terms of the strain-rate parameter, including
optical observations of the phenomenon, From this information, a
comprehensive model of the mechanical response of the substance may

be evolved,

The determmination of the axis of transverse lsotropy is accom-
plished crystallographically by microscopic examination of thin sections
obtained from three mutually orthogonal directions. These are prepared
by first cutting the rock into thin slabs, attaching these slices to
glass slides with Canada balsam, and then lapping the rock with fine
abrasive until the desired thickness is obtained., Since marble is a
matrix of calcite crystals with optical axec oriented randomly about a
general preferred direction, it is possible to determine each particular
crystal orien'ation by measuring the angle between the optic axis of a given

(21 direction und plotting this rela-

crystal and some fixed reference
tionship on an equal area projection, When a large number of crystal

axes are located, a general pattern of average crystal orientation

emerges,

$
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These measurements are performed by locating a uniaxial inter-

ference figure, a metalope(ZI)

, produced by light passing along the
optic axis of a calcite crystal, Each crystal is observed under a
microscope equipped with a universal stage whicii permits the specimen
to be rotated about two independent axes corresponding to Euler
angles so that the optic axis can be aligned to produce a

metalope centered on the crosshair,

While X-ray techniques provide another way of establishing the
orientation of the axis of transverse isotropy, this method is elab-
orate, time-consuming and expensive including the necessity of some
computer programming, In consequence, it is not anticipated that
this procedure will require employment in the present investigation,

In order to retain the integrity of the two large marble blocks
intended for wave propagation studies, slabs with dimensions of 1' X
24" x 11" were purchased from Clervi Marble Company, San Francisco
for the purpose of furnishing specimens for static testing., Since the
axis of transverse isotropy for this slab was unknown, cylindrical
test samples 3/4" in diameter X 2" long were simply cored from this
source in three mutually orthogonal, albeit arbitrary directions and
lapped to within 5/10,000th of parallel. In order to prevent crumbling
or splitting out during the coring process, a glass plate was cemented
with Canada balsam to the distal side of the slab,

The state of strain in these specimens were measured by means of
SR-4 foil resistance gages mounted by means of Epoxy 150 cement, A
compromise was required to select a suttable size for this transducer,

A gage of excessive size records the average strain across a region, not
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at a point, and, further, is more difficult to attach; a gage too small
covers too few crrstals to represent the behavior of the material on

a macroscopic scale, The optimum size was ascertained to be a 3" gage
length, and the gage employed was a Baldwin-Lima Hamilton paper-backed
SR-4 type FAP transducer with a resistance of 120 chms and a gage
factor of 2,01, These gages were attached on cpposite ends of a
diameter and coupled in series to eliminate any bending components
present, The gages were incorporated in an AC-excited bridge circuit
including an amplifier and the output was recorded on a plotter, The
records were calibrated by means of the insertion of ten known shunt
resistances across the gage., The applied compressive force was deter-
mined by means of a calibrated cell with a 0 - 10,000 1b range that
concurrently reccrded the ordinate of the stress-strain curve.

In order to measure the presence of bending which shoula be mini-
mized or preferably eliminated from these static tests, the two
longitudinal gages were decoupled and read individually. Initial use
of various types of end pieces including a bal =~z cocket, rubber
sheets and plaster capping vielded deviations as high as 50 percent,
The best results were obtained with the aid of the capping material
Hydrostone which consists of a modified Plaster of Paris base. This
material was mixed with water and allowed to set on the specimen at a

pressure of 20 psi for 45 minutes. This reduced the r.eviation between

the gage readings to the 10-15 percent range; some of this is unavoidable

due to local inhomogeneities and the nonrandom orientation of crystals

under each gage,

X NI
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A typical compressive quasi-static stress-strain curve is
presented in Figure 26, clearly exhibiting the nonlinear response
of the material, Pigure 27 shows the first and the tenth strain cycle
when a specimen was repeatedly and continuously loaded to 750 1b and
then unloaded, all at the same Strain rate, Both curves indicate the
presence of hysteresis, but the repested loading apparently diminishes
this effect while increasing the apparent stiffness, PFurther tests
along this line under varying strain rates are in progress.

The development of tests to produce intermediate strain rates con-
sisted of two approaches, the first of which attempted to transform a
long rectangular loading pulse produced by the impact of a long cylin-
der on a Hopkinson bar into a triangular pulse which exhibits a
predetermined constant strain rate. This concept employs the idea of a
mechanical converter which exploits the impedance mismatch of concen-
tric bars of various radii and material properties as shown in Figure

27 to transform such a rectangular input pulse as shown in Figure 28.

The transmission and reflection coefficients, T and R, respectively,

for this converter are given by(lz)
- - - h
24 ¢ ,e0, A2%2%, ~ M1P1C0,
T,, = -
12 = |APc. +Ap o Ria1 " {a 5. c. + A.o.c
20 1) 2 0
i 11 01 2 2J 171 1 2 o
[ 2A505%, APt~ BeP9%
T = 3 R = 3 2 (46)
23 Azpzco + A303c0 232 Azpqcn + ASOBCO
L 1 3] L 2 3
- . - r . -
T = R = —
21 Alplc01 + Azozc01 212 _5101(0 + Azczgozd
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where A and c, are tne cross-sectional area and the rod wave velocity

of the various clements, respectively, The output of this converter

to an input history f(t) 1s given by

@€
iy nof 24 1N

R(E) = T),Tyy ) (RypRagp) fit-n LE;"J} (“7)
n=0 2

For a rectangular input waveform oi unit amplitude and duration T,

choosing £ to be such that ¢, = 104/T*, and with (R

) 912 Razo? = 2:8,

0
leiés = 0,035, the pulse .s converted into an approximately triangular
shape as shown in Figure 29. Other input histories would be deformed
in an analogous fashion,

One of the difficulties associated with this process 1s evident
by inspection of Figure 29, namely the high signal loss through the
converter, It may also bc noted that the output is not truly ramp-
shaped, but rather multistepped with an average siope which decays with
time,

The second method of obtaining i1ntermediate strain rates considered
is the impact of a long cylinder prefaced by a cone on a Hopkinson
bar, Numerous materials and cone geometries of the composite strik.r
were tested, the most successful results being obtained with a 30°
steel cone mounted on the end of a 3" diameter, 8" long 7973
aluminum bar, Strain rates of 10 sec—l, linear over tne entire range
of straina were obtained in a 7075 aluminum Hoplkinson bar, as shown
in Figure 30a, In a standard Hopkinson bar test, the striin rates are

1
of the order of 1000 sec ', With the present device, the rate can be

1
reduced from this value only to a level of about 50 see 5 further

al

aci
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reductions require the use of a different technique, The use of
longer input bars with the same conical striker produced an undesirable

distortion of pulse from its triangular shape as shown in Figure 30b,
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111, FUTURE WORK

Th work during the interval u. to February, 1973 will be devoted
to completing the major objectives of the program, with certain
aspects of the project requiring some additional time, as initially
indicated in the original proposal., Furthermore, it has become obvious
that the techniques developed will find useful applications in a broader
range of problems in the field of rock mechanics than the scope of
the work covered by the present proposal. Suggestions for such
«ctivities as a sequel to the current investigation will be presentrd
irn the future,

In the experimental examination of wave processes, the fo'lowing
endeavors are planned: (1) The development anl testing of new and
improved grouting materials embedded with a iransducer package in a
Hopkinson bar, and calibration of the unit to determine whether the
discontinuities produced by drilling have been satisfactorily eliminated,.
(2) The drilling of deep holes in Hopkinson bars of Yule marble to
simulate the installatican and testing of the transducer packages 1n
the rock blocks,  (3) The improvement of the sensitivity of the trans-
tucer package by the use of ceramic IZT4 crystals that exhibit a
hucdredtold larger response than the quartz crystals presently employed.
t1) he ecaployment of blocks of substitute materials for simulatiag the
dritling and embedment process of thi transducers in the actual Yule
marble half-spaces, (5) Aa extensive study ot the Yule marble block
geometry to Iocate the ponsition of the 1nterior transdicers and thesr

assoctated drilling holes in o manner so as to provide the least chanced
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of undesired mechanical damage to the block and, further, to provide
maximum utlity for the gathering of *re data and comparison with
theoretical predictions, (6) The investigation of the use of trans-
mission devices to guard against damage to the fabric of the block at
the impact point, (7) Appropriate checks to establish the repro-
ducibility of the data, and (8) Improvement of existing methods of
surface measurement. Future investigations may even involve studies of
the reflection processes from bounding surfaces and the effect of other
types of anisotropy.

The transform analysis will be concerned with the further verifi-
cation of the displacement field program, the development of more
efficient routines for extracting roots of the characteristic equation
to save computer time, the specification of a convolution integral
procedure 8o as to permit utilization of the displacement field rela-
tions for an arbitrary forcing function, and the development of a
separate program for the evaluation of the surfuce response which at
present cannot be obtained as a limiting procress for the body solution,
In order to permit a direct comparison with experimental results, the
response of the block must be predicted i1n terms of both incal stress
and strain, since the transducers employed in the experimental phase
of the program measure these quantities, This requires a differentiation
of the displacement field which may lead to additional numerical compli-
cations that will require resolution, It wil! be necersary to closely
correlate the computer efforts with the experimental approach so as to
permit the calculuation of results ut positions that are both of phyveical

interest and experimentally ccessible,  The computation  can be

R |
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congidered to be valid only at a given station for time intervals prior
to the arrival of significant reflections from bounding surfaces,

The finite element procedure will initially concentrate on a
better representation of the element and studies concerned with the
determination of the optimal spatial mesh density and time step size,
using an isotropic medium, Upon satisfactory performance of the pro-
gram in the testing phases, it will be applied to the subject problem
in its most general form., Reflections from the boundary will also be
considered in additional studies, It may be desirable to specialize
this program for the case of plane strain in a special anisotropic
medium where a closed-form solution is available for check purposes(7),
The numerical results obtained here w.ll' be compared with the
corresponding information from the integval transform analysis,

The crystallographic techniques for the lncation of the transversely
isotropic axis of the Yule marble materials will be further pursued and
applied., Tensile and compressive tests under controlled dynamic condi-
tions will be executed utilizing the concept of the mechanical converter
previously described, and standard Hopkinson bar tests on the material
will also be conducted on specimens parallel and perpendicular to the
axis of elastic symmetry, A major effort will be required to i1nitiate
the program of fracture analysis of the material as a function of
strain rate. For this purpose, the techniques developed on bone,
utilizing a split Hopkinson bar, will be vmpluvvd(ln) and dyrect observa-
tion er the fracture process by means of high-specd photogr.phy will be
sought, The tracing of the crack propagation by me ans of tranemitoed

light effects will also be attempted,
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The ultimate goal of this portion of the investigation will be
the complete characterization of the mechanical response of this
material to loads ranging in rate from the quasi-static to the impact
domain, This will hopefully be accomplished by a model that iicorporates

the major features ohserved during the currcnt experimental progranm,
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